Ion thruster plumes from a multi-thruster array of different working configurations are simulated by a hybrid fluid-particle software. The particle in cell method is employed to model the transports of ions. The direct simulation Monte Carlo method is used to model momentum and charge exchange (CEX) collisions. The software is based on unstructured grids which make it easy to handle with complex geometry. The results of chamber simulation are compared with experimental data in ion current density and number density, which show good agreements. The maximum difference of current density along the thruster centerline is less than 9.30%. The interaction effects of plumes when multiple thrusters are operating in vacuum are predicted. Distributions of single charged xenon ions are significantly different in the near-field plume flow, however, merge into one in the far downstream region. Moreover, the interaction effect on the spatial distribution of CEX xenon ions is displayed as well.
Three-dimensional particle simulation of ion thruster plume flows with EX-PWS
Introduction
Electric thruster has the advantages of high specific impulse, long service life and high control accuracy. It can provide power for maintaining the north-south position of the synchronous orbit satellite, the resistance compensation of the low-orbit satellite, and the orbit transfer of the spacecraft or the deep space prober. The high-speed beam plasma and charge exchange (CEX) xenon ions constitute the plume when the electric propulsion thruster is working [1] [2] [3] .
The experimental measurement of electric thruster plume parameters is an important reference for the design of electric thrusters and their applications on orbit. Experimental measurements focus on the probe diagnosis of the plasma flow field. Probe measurement can obtain the beam current density, electron density, electron temperature and other parameters [4] , but due to the inevitability of residual background pressure in the ground test vacuum chamber, it is hard to accurately give the plume status in orbit. At the same time, in-orbit testing is expensive and difficult to perform. The simulation research of electric propulsion plume has advantages in experimental costs, operation time and complex environments.
For the simulation of electric thruster plume, research institutes have developed many softwares based on hybrid particle in cell (PIC) and the direct simulation Monte Carlo (DSMC) method. Although previous researchers have studied the electric thruster plume more, but there is little research on the thruster array plume when compared with the chemical thruster [5, 6] . Beal et al [7, 8] conducted experimental measurements on a Hall thruster array consisted of four 200 watt Busek Hall thrusters (BHT-200) using a combination of triple Langmuir probes and floating emissive probes. Cai et al [9] used the PIC-DSMC method and simplified axisymmetric configurations to simulate the BHT-200 thruster array plume. As for the ion thruster, Foster et al [10] measured the plasma plume characteristics of a NASA's Evolutionary Xenon Thruster (NEXT) array. Korkut et al [11, 12] simulated a triple-thruster array plume using Adaptive Mesh Refinement method. Little simulation research on the ion thruster array plumes has been seen yet. The objective of this paper is to introduce the Extend of Plume Work Station (EX-PWS) in detail, and demonstrate its application on ion thruster array plume studying.
In this paper, the simulation methods and initial parameters are described briefly in section 2. The comparison of experimental data and simulation results is presented in section 3.1. Thereupon, the interactions of plumes in different working modes are analyzed in section 3.2. Finally, the interaction effects on CEX ions are observed in section 3.3.
Simulation method
The Extension of Plume Work Station computer framework is an extension part of Beihang University's Plume Work Station (PWS) [13, 14] . The PIC method is employed by EX-PWS to model plasma dynamics and the DSMC method is used to deal with collision dynamics. EX-PWS uses a facetvertex center format based on a tetrahedral mesh. Compared with the traditional algorithm, EX-PWS can better adapt to the situation where there are many parallel partitions and reduce the communication burden of large-scale parallel computing. This makes it possible to calculate the plume effect in complex situations on a large scale. In addition, EX-PWS can accurately calculate the plume flow field and its effects. In [15, 16] , the authors have introduced the applications of EX-PWS on the double-layer anti-sputtering targets. Cai et al [17] shows its application on ion thruster plume impingement research. The methods employed in EX-PWS will be introduced in this section. Two main procedures of a typical PIC code are particle injection and update of particle velocity and position.
Particle injection
Computed particles are injected into the flow field from the thruster exit plane following a distribution function. According to the ion beam current density model mentioned in [18] , the current density j x r , ( ) in the flow field can be described by equation ( 
where x is the distance from thruster exit on axis, r is the radial distance of particle location to the axis, R c is the virtual source center, j(0, 0) is the current density at the coordinate of (0, 0) valued as 6.57 mA. λ and n are adjustability coefficients. As for the 20 cm Lanzhou Ion Propulsion System (LIPS-200) ion thruster, 17.92 and 1.66 are employed in the simulation cases. It is not necessary to find out all the coefficients in equation (1) when it serves as the entry conditions in EX-PWS. Because the ejected particle number n r i ( ) is relevant to the ratio rather than the absolute value n r j r S j r S t n 0, 0, , 2
where i is the cell number on the thruster exit surface, S i is the area of i cell, t is the time, ñ is the flow rate and j r S 0,
represents the sum of all cells on the thruster exit surface. r i is the radial distance of i cell central point to the axis. The initial velocity of particles contains average velocity and thermal velocity. The average velocity V can be divided into velocity speed u and radial velocity v:
where R exit is the radius of thruster exit. 1 2 a is the beam divergence angle assumed to be 16°, because the theoretical divergence angle of the LIPS-200 ion thruster plume is 15°w hile the experimental measurement is 16.7° [18] . The thermal speed is obtained from Maxwell distribution.
LIPS-200 is an ion thruster designed by Lanzhou Institute of Physics. The diameter of LIPS-200 exit plane is 200 mm. The specific impulse is 3000 s, and its thrust is 40 mN [19] . The ionization rate of the thruster is assumed to be 90%, and the fraction of double ions is supposed to be 10% [20] . The flow properties of LIPS-200 ion thruster used in this paper are given in table 1.
The flow rate and the temperature are obtained from the actual situation during the experiment and the velocity is calculated according to the grid voltage (∼1000 V). The thruster exit plane is the entrance of xenon atoms, single charged ions and double charged ions. Particles are ejected following the distribution shown in equation (2) . Otherwise, the mass flow rate of the neutralizer cathode is about 0.13 mg s −1 , and the coupling voltage is about 20 V (17-23 V). The cathode primarily affects the near-field around the thruster exit on the plane including the axes of cathode and thruster, and has little effect on the far field. Accordingly, in the current study, we neglect the effect from the cathode. Moreover, the thruster exit is supposed to be electronically grounded in this study.
Particle movement
The PIC method is employed to model the dynamics of plasma flow. Due to the charge and mass ratio between the electron and charged particles which is large enough, it is unrealistic to use the complete PIC method because of its expensive computation cost. EX-PWS employs the hybrid fluid-particle method to save time and storage space, which treats the electron as fluid. The charged particles are pushed moving through cells according to the full electron momentum equation
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where m e , n e , v e and e are the mass, number density, velocity and the charge of electron, E and B are the electric and magnetic field, p is the pressure, v ei is the electron-ion collision rate, and v ion is the velocity of ion [21] . The plasma plume is assumed to be quasi-neutrality [22] , isothermal, un-magnetized and collisionless flow. The effect of magnetic field on Hall thruster plume has been researched in [23] . However, the magnetic field leakage of LIPS-200 type ion thruster is much smaller than that in the Hall thruster according to its configuration. Thus, the plume is regarded as un-magnetized flow, and then the equation can be deduced as:
Furthermore, if the isothermal assumption and the ideal gas law are taken into consideration, the momentum equation will be shown as the Boltzmann relation:
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where k is the Boltzmann constant, T e is the electron temperature, and n ref is a reference number density of electron in the area where the potential f is equal to 0 eV.
EX-PWS employs the DSMC method and random sampling frequency method to handle with the collisions between multiple molecules simultaneously. The collisions include the momentum exchange collision (MEX) and the CEX collision between single/double charged ions and atoms. All the collision types are listed as following: and Xe slow 2+ are called CEX ions. The xenon atoms are from two source in the chamber simulations, the propellant and the background pressure. In this study, virtual particles are employed to simulate the background gas. The virtual particles are created temporarily with the uniform and static parameters, and their trajectories and particle parameters are not tracked. There is a detail introduction of the collision cross sections for both MEX and CEX collisions in [15] .
Computational domain and boundary conditions
Due to the employment of three-dimensional unstructured meshes, EX-PWS has the ability to handle the complex computational domain. The three-dimensional computational domain used in this study is shown in figure 1 . The computational domain is a cylinder with 2.1 m in diameter. For the purpose of investigating the near-field plume, the domain includes 1.5 m before the exit surface and 0.5 m behind. The ion thruster array includes four clustered LIPS-200 ion thrusters. Considering the thruster casings, the virtual thruster is established as a 0.29 m diameter cylinder, and the exit plane Figure 1 shows the boundary definitions in the meantime. The grid used in this study includes four thruster exit planes, walls of the thruster, and the computational domain boundaries. The computational domain boundaries are regard as free boundaries for all kinds of particles. The treatment of electric field on the boundaries is interpolation. The exit planes are the sources of particles and specular reflection boundaries for the striking particles. The thruster walls are diffuse reflection boundaries and neutralize ions simultaneously. The electric potentials of exit planes and thruster walls are equal to zero, and the temperatures are equal to 300 K.
Results and discussion
In order to investigate the plume interactions from thrusters, five working modes are arranged in this study, as listed in table 2.
In the case 1, only TH1 is working at the experimental condition. Case 1 is the experimental verification case designed to demonstrate the accuracy of software. Case 2 and case 3 are comparison cases in two thrusters working with different distances. The distance between central lines of working thrusters is 0.4 m for case 2 and 0.566 m for case 3. Case 4 is a mode used in NEXT ion thruster array mentioned in [24] . Case 5 is installed according to the BHT-200 Hall thruster array.
Experimental verifications
In this section, comparisons will be performed between the simulation results and the experimental data. The current density is measured by a Faraday probe, and the ion density is measured by a Langmuir probe in Beihang University's Plume Effects System. The background pressure during the experiments is kept in the order of 2×10 −3 Pa. The pump system has been described in detail in [25] . The pressure is measured by ionization gauges located at the vicinity of the chamber wall. Therefore, all the simulation cases in this section are performed under the background pressure of 2×10 −3 Pa. In addition, the electron temperature is assumed to 2.5 eV, the reference number density of electron is 1×10 16 m −3 , the particle weight is selected to be 5×10 8 , the timestep is set to be 1×10 −7 s and the grid of approximately 1.5 million cells is used in cases 1 to 5. Figure 2 shows the convergence study of this study. For the DSMC method employed in this paper, the simulations are in a steady state. The numerical accuracy is limited by the number of independent samples, the number of particles per cell, the timestep, and the mesh scale. In all the simulation cases, large enough samples are used to weaken the statistical errors so that the error from samples can be neglected. For the other three parameters, double particle number, half timestep, and double mesh scale are used to estimate the errors. For the current density parameter, the simulation results on a radial plane of 0.5 m away from the exit plane have been shown in figure 2 . The convergence study result shows that the error from particle number is less than 1%, the error from time step is less than 3%, and the error from mesh scale is less than 4%. In all the simulation cases of this paper, the timestep, particle weight, and the mesh scale used are uniform. Therefore, the numerical errors are considered to be acceptable in this paper. Figure 3 (a) shows the radial current density comparison on a radial plane of 0.5 m away from the exit plane. The experimental data are obtained from -20°to 20°. In case 1 and case 2, the simulation results are selected on the Z=0.2 m plane shown in red in figure 3(b) . In order to facilitate data comparison, the points are selected on the Z=Y plane shown in blue in figure 3(b) which contains the central axes of TH1 and TH3 in case 3 and case 4. It is clearly that the current densities during 0°-20°in all the five cases meet the experimental data very well. This indicates that no matter how many thrusters are clustered, the flow field parameters around the thruster array in the beam region +are consistent with that of a single thruster. This facilitates the engineering analysis of the plume flow field when multiple thrusters are working simultaneously. Furthermore, in the direction from 0°to -20°, the current density in case 2 is significantly higher than the other cases. Because the distance of two working thrusters is smaller than those in case 3 and case 4 in the plane for data selection. At the meantime, case 3 and case 4 are similar to case 1, which also illustrates that the multi-plume effect is much smaller when the distance of two thrusters is more than 0.566 m. Figure 4 shows the current density along the centerline of TH1 in different cases and the comparison with experimental data. It can be seen that the differences on the current density profile along the thruster centerline are quite small. The maximum difference is at the distance of 0.4 m. The value is less than 9.30%. It is clearly that the differences between different simulation cases are very small within 1.0 m from the exit plane. When the distance increases more than 1.0 m, the difference between case 1 and case 5 becomes more than 0.1 mA cm .
2 -In addition, the values in case 3 are similar to case 1, and case 4 is similar to case 2. This illustrates that the TH3 plume has little influence on the plume parameters of TH1 central axis, while TH2 and TH4 have a greater effect. This is because the ion thruster plume particle distribution decreases exponentially in the radial direction. As a matter of fact, the distance between TH1 and TH3 is approximately 1.4 times the distance between TH1 and TH2 or TH4. Accordingly, the interactive influence between adjacent thrusters is significantly greater than that of diagonal thrusters.
Another comparison is performed in ion density distribution on the radial direction. The Faraday probe data is picked from figure 6 in [26] , and the Langmuir probe data are from figure 21 in [27] . The repeatability error of the Faraday probe used is introduced in section 2.2 of [28] , which is shown as less than 2%. And the density error from the Langmuir probe is regarded as 50% [29] . Due to the quasineutrality assumption, the electron density is equal to ion density in all simulation cases. The ion density curves are obtained from case 1 when only one thruster is working. The solid black line is the ion number density, which is the sum of single charged xenon ions (Xe+), double charged xenon ions (Xe++) and CEX ions. It can be seen from figure 5 that the total ion density is slightly higher than the Faraday probe data but the density of Xe+ is closer. It can be explained by the existence of CEX ions. CEX ions are more likely to move towards the radial direction. Shown by the long dashed green line, the number density of CEX ions is approximately uniform in the radial direction. However, the collection surface of the Faraday probe is a two-dimensional plane. During the experiments, the collection plane of the probe always faces the negative direction of the x axis. This leads to a reduced ability of the probe to collect radially moving CEX ions. Therefore, the experimental results can hardly show the ion density in the edge region of the plume beam. While the simulation results make up for this deficiency. Figure 5 shows the number density distribution of double charged xenon ions in the meantime. It is clearly that the Xe+ + ion has limited influence on the total ion density because it is about 11.1% of single charged xenon ions in the flow rate. The deviation between simulation results and the Langmuir probe data is larger than Faraday probe. It may be caused by the difference in measurement principles. The electron number density from Langmuir probe has a significant experimental uncertainty [30] .
Effects of plume interactions
The flow field parameters have been compared between experimental data and simulation results in section 3.1. This section will focus on the interactions of plumes in different working models in vacuum. No background atoms are employed in this section. Figure 6(a) shows the velocity contours and the streamlines of single charged xenon ions in case 2. Only TH1 and TH2 are working. It can be seen that the velocity in most areas of the flow field is approximately uniform. The widespread velocity value is more than 38 000 m s −1 , and the most streamlines are still straight lines towards the downstream. It illustrates that the interaction of plumes has little influence on the speed of particles.
An intersection point is located at the centerline between two working thrusters. The coordinate of the intersection point X int can be obtained by the following equation:
where L is the distance between TH1 and TH2 valued as 0.4 m. Thus, the intersection point is located at X 0.35 m int » for case 2. The intersection also exists in figure 6(b) , where the number density contour lines of single charged ions are shown. Obviously, cores of plasma plumes expand along the thruster centerline and then merge into one after 0.8 m. The contour lines are joined at the magnitude of 4 10 m . 14 
3
-It indicates that the influence from different thrusters only exists in the near-field plume within 0.8 m away from the exits. Generally speaking, solar battery planes or optical sensors are arranged enough far away from the plume beam. Thereupon, the thruster array can be regarded as a larger virtual thruster from the view of spacecraft. Figure 7 shows the radial number density curves at different positions along the thruster center lines. The number density curve at the position of X=0.5 m has two peaks, and the value of the peaks is approximately 1.6 10 m . 15 
-As the distance from the thruster exits increases, the peak value continues to decrease and move toward the centerline between two thrusters. At the distance of 1.5 m from the exit plane, double peaks are no longer apparent, but merge into a single peak. Moreover, the peak width at base is increasing in order to ensure that each position has the same sum of particle number.
In order to analyze the interaction of multi-thruster plumes from a multidimensional perspective, figure 8 shows the flow field parameter contour lines on Y=0 m plane. It can be seen from figure 8(a) that the interaction of multiple thruster plumes has little effects on the particle velocity. The Y=0 m plane is the mid-vertical plane of the connecting line between midpoints of two thrusters, which is already the edge of the plumes. However, the particle velocity in the most central regions is maintained above 36 000 m s −1 , and the streamlines are still straight. Figure 8 (b) shows the particle number density distribution on Y=0 m plane. It can be seen that, unlike the contour lines shown in figure 6(b) , a central area with a higher value exists at the distance of 0.6 m from the exit plane. The contours are densely distributed in the incoming direction and sparse in the downstream direction. It indicates that the particle number on the centerline of the two thrusters rises rapidly and then slowly decreases. In case 4, three thrusters are working simultaneously. In Z=0.2 m plane, the plume flow field is similar to case 2 shown in figure 6(b) . Thus, we mainly focus on the Y=0 m plane, which is approximately equal to Z=0 m plane. Figure 9 shows the number density contour lines of Xe+ ions. The flow field is no longer axisymmetric. This demonstrates the ability of the EX-PWS software to handle complex flow fields. The interaction effects from multiple thruster plumes are enhanced than that in case 2. Although the density of the side with two thrusters is significantly higher than the other side, after 1.0 m, the beam still merges into one.
For the array central plane, figure 10 shows the number density of Xe+ ions at different axis positions on Z=0 m plane in case 2. It is clearly that the peaks from 0.5 to 1.3 m are all closer to 3.5 10 m . 14 
-
However, shapes of ion density curves are changed rapidly from two independent peaks to a single peak. Another difference from figure 7 has been mentioned before that the peak is no longer a monotonous increase, but increases first and then decreases. It is due to the particle distribution model on the thruster exit. The Gauss distribution is an exponential distribution with two sides low and middle high. Thus, the number density at the Z=0 plane will be slightly lower than the thruster centerline with the distance increases. Figure 11 shows the number density at different axial positions in case 4. It is clearly the peak on Y=-0.2 m is about two times that on Y=0.2 m. The peak after fusion is not at the centerline, but gradually shifts from the position of Y=-0.2 m to the central axis. It illustrates that the interaction effects mainly influence the near-field plume even in the non-axisymmetric situations. The current density measurement of NEXT multi-thruster array has also verified that there is no significant difference between single and triple thruster operations in the beam profiles.
Analysis of CEX ions flow
The CEX ions is the focus of the spacecraft design department. Because the energy of ions created by CEX collisions is much lower than the ion beam particles, the electric potential gradient can easily affect the movements of CEX ions. A mount of CEX ions will move radially towards the solar panels. Figure 12 shows the distribution of CEX ions in case 2 to case 5. There is an interesting phenomenon that the area with a higher number density of CEX ions is not on the working thruster connection line, but on the middle vertical plane of the thruster connection. For example, in the case 2, the high density wings are located on the Y=0 m plane not the Z=0.2 m plane. And in case 4, the wings are located on the plane including the TH2 axis and the array centerline. The distribution trend of CEX ions is similar to the results in figure 12 given by Cai [30] .
This phenomenon is the result of potential distribution. Most of the CEX ions are generated in the intersection of plumes. In the case 2, the connection line of the working thruster centers is on the Z=0.2 m plane, and the symmetry plane of the two plumes is Y=0 m plane. Figure 13 shows the potential distribution on X=0.6 m plane. The dashed red line is the potential on Y=0 m plane and the solid blue line is the potential on Z=0.2 m plane. The potential is negative because the thruster exit is set to be potential zero. The factor affecting the flow field is the potential gradient, so the selection of the potential zero has no effect on the simulation results. In case 2, the intersection is along the line of (Y=0 m, Z=0.2 m). It can be seen from the intersection point in figure 13 that the intersection area belongs to the lower potential region on the Z=0.2 m plane (solid blue line), but the higher region in the Y=0 m plane (dashed red line). Therefore, under the action of the potential difference, CEX ions diffuse in the direction of the middle vertical plane of the connection line of thruster centers. This needs to attract the attention of spacecraft designers to avoid the CEX ion bombardment of sensitive equipment and equipment, which will result in reduced performance or mission failure.
Conclusion
A computational model based on hybrid PIC-DSMC method for the LIPS-200 type ion thruster plume is established in detail. The simulation cases are performed by EX-PWS software developed by Vacuum Plume Laboratory. The quasi-neutral assumption is employed to reduce the computing effort. And the electron distribution is obtained by Boltzmann relation. The interaction effects of a four-thruster array are observed. The flow field characteristics in different cases are compared and analyzed in the meantime. The conclusions can be drawn as follows:
(1) The simulation cases with background pressure are performed for the comparison with the experimental data obtained in ground-based facility. The comparison shows a good agreement along the thruster centerline with a maximum difference of current density is less than 9.30%. The simulation results also agree well with the experimental data in axial current density and ion number density measured by Faraday probe. (2) The interaction effects are investigated in vacuum simulations. The results illustrate that the influence caused by multiple working thrusters only exists in the near-field plume flow. The thruster array can be regarded as one thruster with higher power from the plume perspective. The value of particle velocity is slightly influenced by the interaction, however, the streamlines are changed to be parallel at the interaction area. The process of integration is shown by the number density curves of Xe+ ions on the Z=0 m plane. The post-fusion peak in triple working thruster case gradually shifts from thruster centerline to array centerline. The results verify the ability of the EX-PWS software to handle complex flow fields. (3) The distributions of CEX ions are obtained in vacuum simulations with multiple working thrusters. These cases illustrate a phenomenon simultaneously that the area with higher number density is not on the thruster connection line, but on the middle vertical plane of the line. It is explained by the higher potential difference in the direction perpendicular to the connection line. Certainly, this phenomenon needs to attract the attention of spacecraft designers to avoid performance reduction or mission failure.
